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PRESWRE U)SS IN DUCTS WITH C-ND ELBOWS

By John R; Weske

SUMMARY .

Results are presented of’measurmneut of the pressure drop
in duets produoed by two equal 90~ elbovnsarranged at three
different angular positions.to eaoh other, plaoed adjaoent to
eaoh othar, or separated by straight duets of various lengths,
The masured pressure drops have bewm analyzed and correlated, “

“ and the results are sumawiqed h the form of ourves adapted
for design computations of pressure drop in oompound-duet bends.

IN~ODUCTION

- A program of systeanatioInvestigation of the pressure drop
and, h some oases, of the velooity distribution in ocxupound
elbows WRS undertaken for the purposo of furnishing to the
designer of duetIng systaus in airoraft oertain engineering
data required for the computation of pressure losses in these
systems. At the suggestion and with the finanoial support of
the ?!htionalAdvisory Cmnmitteo for Aeronautics, the work was
undertaken at Case Sohool of Applied Soienoe. The design of
the duets, the testing, and th&-
oarried out by Frank E. karble,
assistants and Donald W- Steel,
Applied Soienoe.

computation of the results was
J. J. Jaoklitoh, Jr., researoh
instructor at Caae Sohool of “

\

APPWTUS AND EQUIPMENT .

Testing Equipment

The layout of the test stand for the nmasuronmmt of
pressure drop In oompound bonds Is shown in figure 1 and a
photograph of the setup for a particular test is reproduced as
fi~re 20

B .—. ..—. — .
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Blower. - The eq@memt is pmered by a type 3S-20 North
Amerioan centrifugal bluwer rated as follows:

Maximum speed, 3500 rpm

@antit y of flow, 5800 oubio feet per minute

Total pressure, 20 ounoes per square hoh

A meaeured perfornmmm ourvs of this blower at 3000 rpm is
shown in figure 30

The blower is driven by a dircot-ourrent notor that may be
oonnooted to oither the 110-volt or the 220-volt diroot-ourrent
labomtory olrouit, thus affording speed oontrol of greut aoouraoy
over a wide range and rmdcingit possiblo to extend the series of
tests over a oonsiderabla range of Reynolds nunibers~ In a 6-
inoh-diamter duct, for ~tunoe, it is possible to attain
Re~olds numbers of 1,000,000. Z&oh numberEIaro GS high as 0s3~

Still lnrgor Ileyaoldsnum%rs may be obtained byplaoing a
diffuser at the outlet of the duet and thereby rooovering a
sf.zeablo port~on of the kfnotio energy of the strooah It kS
not been neoessary to apply the diffuser for the prosont
investigationbeoause the oapaoi~ of tho blumr has bG!3nmore
than adequate.

Intake box and moasurlng orii?ioo.- The intake box is 36
by 36 tiohes h oross sootion and 4! inohos longO Tho rear faoe
h& a 23-inoh-diameter oponing with fairing in the box to
ohange from square to round. The outlet oponing of the box is
plaoed tightly against tho inlet opening of tho blowor, whioh
has Q diameter ~qual to that of tho box.

The quanti~ of flow is measured at the”inlet side of the
blower by means of four oxohangoablo oharp-edge orifioes mountod
in the intake box. These orlfioes arc symmotrioally arranged
on a oirolo about the axis of the box.

ThG diameters of the orifloes aro 4+lnohos, ~inohee,6&

izmhos, and $ tiohcs. Measurements of pressure drop aro

obtainod by mans of a tap in the sido WU1l of tho intako box,
Iooatod on the horizontal oenter plane, 1 iuoh downstream of the
orifioos ● Tho aoouraoy of quaatlty measurement should bo*l.S
porotontaooording to reforenoe 1.

I
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lho amount of leakago of air in the fhn and the ad$olnlng
duoting was dotcrmined in a spooial test. In this test the
outlot Of tho disohargo duoting and the inlet WOX’0flanged Off
and, with tho blowor standing still, air was forood into this ‘—”-
system by mans of a vaouum-oleaner fan~ Tho quan%ity of air
handled by tho vaouum-oleanor fan was detonninod for various
statio preesuros produoed in the syetan. Tho results of these
measurements showed that under no-l oonditlono of operation
the amount of leakage, suoh as ooours at the shaft seal of the
blower, would not approolably affoot thu aooummy of moasurcment~
Simltanoous dotormination of tho quantity of flti frm orifioo
measuromonts and from velooity-traversomeasurwaents at tho
disoharge of tho plenum ohambor gavo results that a~eed within
2 poroont.

Plenum olamhr. - Conneotod to tho disohargo oponing of tho
blowor thoro is a plmum oha@or 48 inohos long and

17; by 17~ inohos in oross sootion. A honoyoonib seotion is mounted

inside the plenum &amber 24 inohos from th~ fan outlet. The “
soetions of the honeyooti are 3/4 by 3/4 by 8 inohos doop~ Soroon
tire 18 nmsh to tho inoh, l/100-inoh-wiro diamotor, is installed
10 tiohos downstroem of the honayoomb to oqualizo tho flow and
furthor to roduoc tho turbulonoe. Tho nlKLX- volooity in the
@lmum dmntmr is 30 foot per sooondo Tho plenum ohauiboris
faired down to a oross sootlon of shapo and dimonsiono oorres-
pondlng to those 0$ tho duet to bo tasted by a falso struotuzw
extending 12 inohcs upstream frcsntho outlot and a nozzlo. Tho
nozzlo, 4 inohos in length, oonneots the outlet of tho plenum
tier to tho duet and offeots a gradual ohcngo of oross sootion
to that of the duut. Tho oontraotion ratio of tho transition
from planum ohanbor to duet la 10:1 for duets of a oross-sootional
area equal to ttit of a 6-inoh-diamotor duot~

Traverstig head. - A traversing head and a multitube mano-
metor (f~.@o 4 to 6) woro used to obtain the voloolty distribution
in the 6-inoh-dia&otor duet. wall taps woro used to-got
additional statio-pressuremmsuromonts in tho piano of the
travorso. Tho traversing head also had Q rake of silk threads
for obeorvation of tho dircotion of flow through windows
provided for the purpose. This rako is arranged at right
anglus to tho tubes to mlnlmize intorforonoo-withtho flow past
lh tubes. The travors- head oan bo rotatod botwoon its
flanges to obtain Q number of diametral travcrsos. Rooord6 of
pressuro distribution woro obtdnod by blueprinting tho shadow
of the monisouses9
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Duets and Elbows

The straight duds used in these tests of round and
olliptioal oross sootion wero nndo of gnlvunized iron. They
wore joined togethor with flanges made of #4-inoh plywood~ “
Tho straight duets of squ&re nnd rectangular oross seotion
wero made of white pine and plywood, whioh was varnished on
tho insido to olose tho poros and dooroase the roughnass~ Thoso
duets woro also provided with flanges. Prooiso aiinomcnt was
obtained by insertion into th flanges of brass dowols, suoh as
dro used in patternmaking. ~~ ~is ~RES dev~tion from a~~~unt
of the insido walls is kept below 1/32 tiohm Rolimincry tests
of both tho olliptioal and reotangulnr duets of.largo aspoot
ratio disolosod that they would distort uudor intornnl pressures
In ordor to pruvmt this distortion, frames woro mountod around
the duets at intervals of 12 inohos and tho oorreot oross
sootion was thereby nui.ntainod,within olose limits,“ovor tho
entlro lo~~h of the duotc-

Tho elbows of round and olliptioal oross sootion wuro oarved
to toLqlct from glued blooks of wood. Their insido surfaoo was
rondorod smooth by two ooats of shollao, of whioh the first ono
was rubbed dowd boforc appliw;tion of the saoond~ Tho three
singlo elbows df olroular oross sootion arc shown in figure 70
Tho elbows of square am? rootmgulnr oross soation wore uude of
galvurdzud iron and woro qrovidod with flanges on both ends,
(Soo fig. 8.) The sums woro suoh thzt they Zcft tho insido
porfootly smooth. Thoso elbows, as well m tho duets of square
and rectangular oross seotion, had sharp oornors without fillots~
IMncnsiohs of the elbows aro given in tablo I.

I
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TAME I

.. .,- DIMEN810H8 OF ELB~

. . .. ... .. . .

I~Cross Width’ Dimena30ns I Ama
Elb~ SOO- Dopthl I ..

~ tion I
1 (in.) k

sq, in.,

1 I Cirouq
lull

i
“ Radius 3 28.2

; 1 I
~“1

I

I
:

4 ;Elllp
5 I tioa 3 !Mnjor e.xis10.5

I

I 28.2

6 i ,~--is 3+ I

io IJ ~[‘idm 5.125 I
11 sq&lr

I
28,0

la I i i Dopth
1!1

5s125

~ Ro&’- 1 ‘T$idth 901075I
14 tan- 31

41 I 28.0
15 gul Depth 3.*

I~6 R& i I,Width 11.875 ‘ .
17 ti.X- i ~

I
I 28.0

18 I gda
7

Doptb 2.375 I
i. I

Mean
I

I

Radius
rcidius ratio
(in.] ;

2.65 I0.75
5.25 1Q5
14s0 ! 4.0

2.0 I ::;5
400

1006 I 4.0
I

3.9 I 0.75
7*75 ~ 1.5

20.75 I 4.0

!
2.3 ;:75
4a6-- 15
12.25

! 400:

IF8 I 0075
105

;:? ~ 4.0



-.. . - -—---- . .. -.

6

‘-.--—”= the OrOS_S a315thzMIbf t~ ght duo%,- e&tw%d-f4s -
statio-pressuremeasurements, four pressure taps were looated
in tb same transverse plane, In the ease of the round duets,
the wall taps were spaoeti equally around the oiroumferenoe.
In the duets of elliptical oross seotion, taPs were provided
on tie = jor and minor axes - one on eaoh side. For duets made
of galvanized iron, these taps were drilled with a No. 40 drill.
In the ease of duets made of wood a thiok-wall brass tube with
a l/32-inoh-diameter hole was inserted in the wall, filed flush
with the inside surfaoe. Sums were oarefully ramved and, in
the ease of the wooden duets, pattern wax -S applied .in orew
ioes to insure a perfeotly emouth and regular surfioe in the
vioinl~ of the pressure tape The four pressure taps were in-
terocmneoted by a olroular line fran whioh one oonneotion was
led to a U tube,

Photographs of the test setup for a U bend of the ~ x 1
rectangular duet and for a 900-offset bend of the ~ x 1 ellip-
tical duet are shuwn in figures 9 and 10, respectively. The
photograph, figure 9, was taken before stiffening frams were
applied, whlle figure 10 shows the stiffening frames. In the
ease of the 900-offset bends of.the eIliptloal ind rectangular
duets the inlet”area of the sqoond elbow waa angularly displaoed
by 90° with respeat to the outlet area ~f the first elbow.
(See fig. 10.) The traheition was aoocanplishedby means of .
two transition seotiohs, eaoh 1 foot long, ohanging the ellip-
tical seotion Into a oiroular qeotion of the same area and,
correspondingly,the reotangulm= seotion into a square seotion

._ -.d~ _ area. Onq transition seotion was plaoed direotly
downstream of the seoond elbow. The required length of spaoor

------- .-.—....

was produoed ~ placing a pieoe of duet of ciroular (or square)
seotion between theso two transition pieoos. For minimum
length of s~oor, the two transition pieoes were plaoed flango
to flange. .

CALIBRATIONS

Calibration tests of the blower, in whioh the speed was
held oonstant and the air was discharged a~tist resistances
of the order of mgnitudo to”be enoountmwd in the duoting,
had shown that the testing equipment has amplo capaoi~. A
oharaotoristioperfomanoe ourve of the blower at 3000 rpn
is shuwn in figure 3. Tho elootrical equi-pmentwas ohosen to
permit very sensitive speed oontrol and, at the same tiue, to
keep an established oondition of operation oonstant for the
duration of the run.
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As previously stated, quantity measuremmts cmmputed
frcm orifioe- nti velooi~traverse mcasuronents agreed with-
in 2 pstromrtm !lhis~~,?~ent -a aopopted as satisfaotoryo-...- ~,-,..

Rel#.mina~ to the determination of ooeffioienta of
friotia of the stra~ght duet, tests were oonduoted to estab-
lish the offeot of approaoh length, that is, the lungth of
duub required to produoe a fully developed velooity profiles
It might be expeoted that in the approaoh length the pressure
gradient is hr~r Man the pro88urt3 gradiant in the part of
the duet in whloh the profile is fully developed● EvMenoe
was obtained from velooity traverses and pressure measuresmnts
that the bouuiary layer developed wry rapidly immediately
downstroa.mof tho nozsld” and more slowly with increasing
distanoe fraa the nogzle, thus approaching asymptotically the
fully developed sta+?e.

The RiotIon drop in a 6-inoh-diameter stra~ght duet of
olroular oross eootlon was detenuined fbr a 30-foot length
botwoen taps, begbdng 4 feet from the nozsle, and for a 2.0-
foot le~ botwoen taps, beginning 14 feet from tho nozz!lo,
It was observod, houover, &at it ms more diffloult to obtain
eonsistcmt prossuro readings on the upstream taps with the
shorter approaoh length than with the longer~ On tho basis
of tkso tests, the rule was established of running pressuro-
drop tests with a straight approaoh length at least Is hydrau-
lio diamotors long ahead of tho upstream prassuro tap. In
tho oasa of tho round duet, the appdoaoh length was 28 dlamotorsc

Exploratory moasuromonts of volooity distribution showod
that in ordor to obtain a symmotrioal velooity profile in tho
straight duet it was imperative to altio the duet oarefully,
Slight bonds In tho duet would affoot tho volooity pattern
considerably. Care was thorofore takcm in all tests tht tho
duet sootione woro linud up straight with,oaoh othor and with
tho nozzla. . .

Voloaity traverses were taken for tho duet of oiroular
oross seoticm at the outlot of tho nossle (fig. 11) and at a
point in the straight duet 28 diameters downstream of tho
nozzle, whioh oorrosponds to tho looatiou of tho Inlet of
the first elbow in the elbow tests (fig. 12), The straight
duet was aontlnued 20 diameters downstream when it oponwl
into atisphOre K Figure 12 shame the ve$.ooity.patterns with
test points plotted for various speeds●

B._ — —
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Tho telttadeal tith thrae prinaipal aapeots of the in-
vestigation, namely,

1. The detmninat ion of filoti.onooeffioiont for the
Stl’%lightdust

2s The measurommt-

3. The moasureuent
bows in three

of prossure drops of’single elbows

of pressuro drops of oompound el-
differo.ntarrangements, referred

td as Z-bend, U-band, and 90°:offset‘bend, as
indioated in fi~re 1

$omo umasuroments wore made of tho volooity distributions in
the scp~atcd regions downstream of the gingle olraular elbows.
Additional qualitative measur~onts of tlw volooity fluctua-
tions in those regions woro made with a hot wire aud an osoil-
logrcpL Velooity And stroam+nglo surreys wero also made at
the outlot of a oompound bond in a oiroular duet. The tests
were madG at moan air valooitios in tho duet of 100, 200, and
300 feetx oooond and at luwer nnd intormodiata speeds when
nooessary. ~Thoso velo~itios aovored a Reynolds number ran&
from 2 .x 10 to 8 x 10 for the oiraular duet and a oorros-
ponding rsmgo of slightly.lowor Reynolds nuubcrs for tho othor
duets boaauso of their lowor hydraulio diameter.

The pressure drop of the singlciand aompound bonds was
moasurod by means of statia-prossuro orifiacs 1 f~ot upstream
of tho inlet of the first elbow and 4 feet downstream of tho
outlat of the scaond elbow, oxoopt for tho singlo olbovcsof
airoular oross scction, for xvhiohthe downstream prossuro tap
was only 2 fad from the outlot of the elbow.

Zn addition to the readings neoessary fcm tho dotomina-”
tion of quantity of flow and of prcssuros, it was found neoos-
sary to !fiensuroair Ixnnporaturosboth an the inlet side and tb
disoharge sido of ho blower; thera was n oonsidorablo tempera-
ture inareaso, particularly for duet arrangamonts of high ro-
Sistanaoo

-—

— -.—
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SYWOIS

@$otion faotor of straight duet at Reynolds number R
0s test

Reynolds number (pVd/p)

~an volooi~ in tho duet

mass density at temporaturo and prossuro of air at
blowor outlut

absoluto vlsoosity at tomporaturo and pro6suro of air
at blowor outlet

moaourod prOSELWG drO~ bOtWSOti tapS

net pressure drop

dowlopcd length between inlet fkmgo of first elbow
and outlot flnngo of sooond elbow

di.stanooof upstweam pressure.tap from inlet flango
of ftist Olbow -

distanoo of duwnstroam prossuro tap from
Of SOOO?ldelbow

length of straight duet betwocn upstroarn
elbows

—

Outlet flcnlgo

cnd duwnstrcam

radius of’”Qurvaturoof ooator lino of elbow

(4 x armhydraulio diemoter of duet —
porimotor)

distanoe betwooa inlet and outlet duets of oompound el-
bow (L= L+2r)

oross-sootionalarm of duet

—-- ——— . —- —
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Tho results of moasuromonts of tho pressure drop of the
straight dud are prosonted in figure 13 for duets of all
oross aootiona toatad.

This graph ahma Ooeffioicnts of friotion f

r.

based on tho hydraulio dimotor d, plotted a~inat Roynolda
number● It ia aeon that, when oorrolated by moans of tho hy-
draullo diamotor, the friotion oooffioionta of all moss aeo-
tiona invoatigatcd do not diff~r muoh~ it ia thoreforo poaaiblo
to draw a ourvb through the test points that maythonbo ap-
plied with oloac approximation to round and olliptioal as WO1l
aa to aquaro and rootang lar oroaa acotiona~ Tho ourvo lies
slightly above the von &’m&lTilnmadao ourvo (aco roforonoe
2, p. 144) for smooth round tabos.

Proasuro Losaoa in Single and Compound Bends

For prosmdation of results, the mcaaurod proasurc drop
& waa rcduocd to nondincnsional form thrCR@ division by

Aptho dynamio pressure q. The quantity — roprcsonts the

nondimensional gross prossuro dron~ ITOX?,a net prosaure drop
&~ waa omuputod by doduoting frtwnthe meaaurod pressure drop
oorrcspondingto the friotion leas of a straight duet of lGngth
equal to the developod length of the duet botwoen tho two prcs-
auro taps. Rodumd to nondtionaionnl form, tho not proasuro
drop is thus dofincd aa

Tho values of &l/q for all duota have boon plottod against
Roynolda number in fiauros 14 to 2S, wnoro, to avoid oonftwion,
tha cxperimontal points havo been omitted froJ:most of tho
ourvvs. Tho acalo offoot anponra to bo alight for tho round
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and squaro duets; for tho duets of high aspeot ratio, howevar,
tho pressure drops tend to inoroaso with increasing Reynolds

........number.(figso..l9and 25)0 In Gomo oases (for -1o, fig.
1S), tho pressure drop ehowod a sharp rise toward the lowost
Reynolds numboraf tho data am not suffioignt~ h~~r J to

provw tho existenoe of a oritioal Reynolds number b this
range.

~~ reault~ ~m bgen OrOSS-plOfiOdin figures 26 to
28 to show tie Gffoot of lengbh of tpoer between elbows●

The vnluos of &t/q shmn in theso ourves are the avoragos
for the Ryenolds nunbor range tostod, oxoopt for those 08SOS
In whioh the SO81O ofloot was unusually &rge, in whioh 08s0
ourvos for *e hi

l!?
and low ran~ are shown sopamtoly. (See

figs. 27(o) and 2 (o).) It is .olearfrom these plots tint .
the rolativa radius of ourvaturo r/d is the most importcnt
of tho fiotors affooting tho not prossuro drop9 As oomparod
with this faotor the offoot of lQngtlIof spaoor botwoon 01-
bows may be regarded as being of the rmture of an iatmferonoe.
In geneml, cs the length of the spaoor is dooreasod, this
intorferenoe oauses a docroaso of not presouro drop in tho
aase of tho U-bend (fig, 24), an Inoroaso in tho oasa of the
Z-bond (fig. 25) and almost no ohange in the ease of tho
900-offsot bond {fig. 26). “

For the purposo of pointing out the relationship bctwoen
tho mdius ratio of the cliiowe ~ and the not prcmsuro drop

Apt , a plot has boon mado in figuro 29 Of tho not prossuro—

&op ~ for tho maximm length of spaoor tes~od ngcinst

Q

d
tho inverse of the radius ratio squmrod ~ for duets of
all oross scotions- This quantity was oho e as it was sur-
mised that, in the absence of sopa~tion, thero night possibl~
bo proportlonali~ botwuon the net-prossuro drop and the proa-
siuregradient in the radial dirootlon at tho elbow. IMsmuoh
as suoh reasoning is orude from considerations of the nature

(7
of tho plqrsioalphenomona, tho quantity ~ , though not

quite proportlmnl to tho prossuro grndiont, was oonsidcrod
adoquato as a first approximation,

. . . . .-



.-.
12

For the purpose of alupting tho results of the experi-
mcntnl invosti~tion for uso h oonncotion with tho eatim -
tion of pressure drops in oompound duet bords, 3 Ohartsd
fi rcs 30 31? 32 mm propo.rodfor tho Z, U, and 90 -
Yof sot bon~s, respootivolyo on those oharts wero plotted

tho not prossure drops of oompound bends of all duets invos-

tigntod against tlm quantity & .
P

ThOSi3graphs ShOW B f8mi-

ly of ourvos for oaoh duct sootion with tho nondimansionnl
normal distanoe bdsamn the axes or the upstream and downstream

dusts ~ us paranmtersg

P

Tho famili3s of ourvm r~lating

to tho various duot scd~~i~ havo been plottod on oac graph
in ordor to fioilitatc oompnrison. Lo@rithm3.o paper was
ohoson for thoso plots not booausc of any inhorcmt quality
of tho functional relctions, but boouaso it was felt that
tho acouraoy of prosontation Tms improved thorGby.

Figuro 33 shows tho vulooity trnvursos taken at thu out-
lot in tho synunctryuimc of tho sIngle olbuws. Orilytho
slmrpost bmd shows oomplotc separation fron.tho inxmr null.
A mp showing tho volooitios at 4 dlamtcrs fi~this section
is given in fibvu 34. owing to tko pronourmod fhotuation

... in tho regions of separation (or of Inoipient sopGratlon), “
the volooitios measured hem oxoeod ‘thetwo average volooitios
in tlheaxial dirootion.

Some itiioation of tho dogroe of fluctuation wns affordod
by tho hot-wire moasurmnents. Thus, figuro 35, th~ ordimtos
of whioh aro proportional to the man 100al airsp;od, shows a
difforont distribution fra thct of MO corresponding ourvo
nf figuro 33. Osoillograms taken in tho ‘sopnration” inner
region and tho ‘smooth” outor region aro oomparod in figure 360

~i~r~ 37 sh~s surveys of v0100itiGSB S%atio ProssurO#
and cuqglosof flow at the outlet of a 90°-offsot compourd
bond. Tho Vnrfition ~ LM@O of fl~ aoross Kne duct indioatos
a pronounood rotatkon of tho flow. Tho faot that thO not

pressurw drops of tho 90°.0ffsot bonds aro lowor tha thoso of
the U-bond and Z-bend may bo traood to tho offoot of this ro-
tation of flow In, aud downstrwzm of, the scoond elbow, whioh
touds to onargizo thu boundary Liyrr.
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C(MCIZJSIONS
.

. ... ‘- ‘l-.Friotion-drop ooefi?ioiontsof stipight duets, if oom-
puted on tho bnsos of hydraulio dicnutor, cro nmrly indepmd-
ont of oross-sootioml shapom

2. Tho prossuro-drop ooeffioiants for einglo and oom-
pound bonds vary but slightly with Reynolds number tn tho range
of Reynolds numbers from 2 x 105 to 8 x 105. Tho variation
dms not appear to be unifmm.

3. Tho radius ratio is the most important of the wnri-
ab10s for tho throo typos of bond affooting tho prossuro-drop
Ooeffioiefitof bonds●

4. For oompound bonds, tho not prossuro drop dooreases
with deoroaso of spaoor length in the oaso of U-bonds, and
tioronsos with deoroaso of length of spaoor in tho ocso of
Z-bends. The effect of spaoer length is very small in the
OaSO Of th 90’-offS0t bends.

~. There Is c rotation of tho flow dmrustroam of tho
90°-OffSOt 00ITlpOUtibend. This rotation probably ~ooounts
far the faot thnt tho pressure drops ccross tho $)0”-affsct
bends aro loss than thoso acros~ tho correspondingU-binds
or Z-bonds,

CtlsoSohool of Appllod Soionoe,
Clovelmi, Ohio.
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